In this paper, we investigate the observational constraints on the models of vacuum energy interacting with cold dark matter. We consider eight typical interaction forms, i.e., Q = βH0ρvac, Q = βH0ρc, Q = βH0(ρvac + ρc), Q = βH0 ρvacρc ρvac+ρc , Q = βHρvac, Q = βHρc, Q = βH(ρvac + ρc), and Q = βH ρvacρc ρvac+ρc . The observational data used in this work to constrain these models include the JLA sample of type Ia supernovae observation, the Planck 2015 distance priors data of cosmic microwave background anisotropies observation, the baryon acoustic oscillations data, and the Hubble constant direct measurement. We find that the current observational data almost equally favor these interacting vacuum energy models. We also find that for all these IΛCDM models the case of β = 0 is actually well consistent with the current observational data within 1σ range.
I. INTRODUCTION
The fact of the expansion of the universe being accelerating was discovered by the observations of type Ia supernovae [1, 2] , and subsequently was confirmed by the observations of cosmic microwave background and large scale structure [3] [4] [5] [6] . Nowadays, studies on the cosmic acceleration have been one of the most important issues in the area of modern cosmology. To explain the accelerated expansion of the universe, an exotic form of energy with negative pressure, called "dark energy", within the framework of general relativity, has been proposed (for reviews, see, e.g., Refs. [7] [8] [9] [10] [11] [12] [13] [14] [15] ). Dark energy occupies about 68% of the total energy density of the universe, and thus the evolution of the current universe is dominated by the dark energy.
The cosmological constant Λ, first proposed by Einstein in 1917, is known to be the simplest dark energy candidate, with the equation-of-state parameter being w Λ ≡ p Λ /ρ Λ = −1. The cosmological model with Λ and cold dark matter (CDM) is usually called the ΛCDM model, which is now viewed to be the prototype of a standard model of cosmology. The ΛCDM model is in excellent agreement with current cosmological observations [16] and its parameters have been determined to an impressive accuracy by the current observational data. However, the cosmological constant Λ has always been plagued with some well-known theoretical difficulties, such as the "fine-tuning" and "cosmic coincidence" problems [17, 18] . In addition, it is hard to believe that the 6-parameter base ΛCDM model can completely describe the whole evolution history of the universe, and thus it is necessary to extend the base ΛCDM model. Among the extensions to the base ΛCDM model, the scenario of vacuum energy interacting with CDM, usually abbreviated as IΛCDM, has attracted lots of attention .
When some direct, non-gravitational interaction between vacuum energy and CDM is considered, the continuity equations for the vacuum energy and the CDM can be written asρ vac = −Q andρ c + 3Hρ c = Q, respec-tively, where ρ vac and ρ c are the energy densities of vacuum and cold dark matter, respectively, the dot denotes the derivative with respect to the cosmic time t, and Q denotes the phenomenological interaction term describing the energy transfer rate between vacuum energy and dark matter due to the interaction [96] [97] [98] [99] [100] [101] [102] [103] [104] [105] . Usually, the form of Q is proportional to the density of dark sectors, i.e., Q ∝ ρ with ρ here being the density of vacuum energy or cold dark matter or some combination of them. The form of Q = βHρ has often been considered in the literature, of which the benefit is that its numerical calculation is rather convenient. Another choice is the form of Q = βH 0 ρ, for which someone argues that the benefit is the form being free of the global expansion (note that it is argued that local interaction should not relevant to the global expansion). In the above expressions, the dimensionless parameter β denotes the coupling strength.
Different phenomenological models of IΛCDM can be made totally by constructing different forms of Q. In this work, we will collect the popular forms of Q in the current literature and make a comprehensive analysis for the IΛCDM models from the perspective of observational constraints. We wish to investigate which concrete model is more favored by the current observational data. In this work, we consider the following eight typical forms of Q:
Here β > 0 denotes vacuum energy decaying into dark matter, β < 0 denotes dark matter decaying into vacuum energy, and β = 0 denotes no interaction between vacuum energy and dark matter. In the following, to be convenient, we denote the IΛCDM models as IΛCDM1-IΛCDM8 according to the forms of Q given by Q 1 -Q 8 .
We will constrain these eight IΛCDM models by using the current observational data and then make a comparison for them. We wish to see whether some hints of the existence of nonzero interaction for the IΛCDM scenario can be found by this exploration.
The structure of this paper is organized as follows. In Sec. II, we introduce the analysis method and present the observational data used in this paper. In Sec. III, we report the constraint results and make some relevant discussions for them. Conclusion is given in Sec. IV.
II. METHOD AND DATA
Considering a flat universe, the IΛCDM models have three free parameters (for describing the late-time evolution of the universe), i.e., h, Ω m0 , and β. In this work, we employ the Markov-chain Monte Carlo (MCMC) package CosmoMC to infer the posterior distributions of parameters. We use the current observational data to constrain the models and obtain the best-fit values and the 1-2σ confidence level ranges for the parameters.
In this work, we consider several observational data sets, including the JLA compilation of type Ia supernova (SN) data, the cosmic microwave background (CMB) data from the Planck 2015 mission, the baryon acoustic oscillation (BAO) measurements, and the direct measurement of the Hubble constant H 0 . So the total χ 2 function is written as
. All these IΛCDM models have the same parameter number, so we can make a fair comparison for them only by comparing their χ 2 values. However, we also consider the ΛCDM model (Q = 0, the parameter number is one less than the IΛCDM models) in this paper. Thus, we need to consider the effect of the number of parameters and the data points. We employ the Akaike information criterion (AIC) [106] and the Bayesian information criterion (BIC) [107] to do the analysis. The AIC is defined as AIC = −2 ln L max + 2k and BIC = −2 ln L max + k ln N , where L max is the maximum likelihood, k is the number of parameters, and N is the number of data points. In our work, we choose the ΛCDM as a reference model, and thus for these IΛCDM models, we are more concerned with the relative value between them and the ΛCDM model. So we only need to calculate ∆AIC = ∆χ 2 min + 2∆k and ∆BIC = ∆χ 2 min + ∆k ln N . The observational data we use in this work are listed as follows.
• The SN data: For the type Ia supernovae observations, we employ the Joint-Light-curve Analysis (JLA) data compilation, which consists of 740 type Ia supernovae data points. The redshift range of these observations is z ∈ [0.01,1.30]. The data include some low-shift samples (from the SDSS and SNLS) and a few high-shift samples (from the HST).
• The CMB data: Dark energy could affect the CMB through the comoving angular diameter distance (at the decoupling epoch z 1100) and the late integrated Sachs-Wolfe (ISW) effect. But we cannot accurately measure the late ISW effect at present, so the important information from CMB data for constraining dark energy is the angular diameter distance information. In this paper, we mainly focus on the smooth dark energy, and thus the CMB distance priors can provide the necessary informa-tion. So we only use the "Planck distance priors" from the Planck 2015 data [108] , including the shift parameter R, the "acoustic scale" A , and the baryon density ω b .
• The BAO data: The BAO distance scale data can be used to break the geometric degeneracy. We adopt four BAO points from the six-degree-field galaxy survey (6dFGS) at z eff = 0.106 [109] , the SDSS main galaxy sample (MGS) at z eff = 0.15 [110] , the baryon oscillation spectroscopic survey (BOSS) "LOWZ" at z eff = 0.32 [111] , and the BOSS CMASS at z eff = 0.57 [111] .
• The H 0 data: For the Hubble constant direct measurement, we use the value given by Efstathiou [112] , i.e., H 0 = 70.6 ± 3.3 km s −1 Mpc −1 , which is a re-analysis of the Cepheid data of Riess et al [113] .
III. RESULTS AND DISCUSSION
In this section, we report the fitting results of the eight typical IΛCDM models, and then discuss the implications of these results. We use the observational data combination SN+CMB+BAO+H 0 to constrain the cosmological parameters. The detailed fit values of cosmological parameters are presented in Tables I-III. In Table I , we list the values of χ 2 min , ∆AIC, and ∆BIC for these models. Compared with the ΛCDM model, the χ 2 min values of these IΛCDM models are slightly smaller. But, when considering the factor of number of parameters, the ΛCDM model is still the best one. We choose the ΛCDM model as a reference model, so the values of ∆AIC and ∆BIC for it are both zero, and the IΛCDM models have ∆AIC ∼ 1.2 − 1.7 and ∆BIC ∼ 5.8 − 6.3. In addition, we also find that the values of χ 2 min for all the IΛCDM models are almost equal (about 699), indicating that the current observational data almost equally favor the eight IΛCDM models. From Fig. 1 , we can also clearly see that ∆AIC (also the ∆BIC) of these IΛCDM models are almost equal. A detailed comparison for them in the cosmological fit reveals that the best one is the IΛCDM6 model and the next best one is the IΛCDM7 model.
In Ref. [114] , it was shown that all the interacting holographic dark energy (IHDE) models with Q = βH 0 ρ are equally favored by using the same data combination as the present work (SN+CMB+BAO+H 0 ). However, Ref. [41] showed that in the framework of interacting holographic dark energy with Q = βHρ, the Q = βH ρvacρc ρvac+ρc model is most favored by the observational data, and the Q = βHρ c model is not favored by the observational data, although the observational data are also the same as used in the present work.
The fitting results of the parameters of the ΛCDM model and these IΛCDM models with Q = βH 0 ρ and Q = βHρ are listed in Tables II and III . From the two tables, we find that the current observations slightly favor a negative coupling parameter β (although β = 0 is still within the 1σ range). However, in Ref. [57] it was shown that when the cosmological perturbations are considered, the results would be somewhat different from those in this paper (note that in Ref. [57] the data used are also different; they use the data combination of Planck+BSH, i.e., the full Planck data released in 2015 [16] , the BAO data from Refs. [109, 110, 115] , and the H 0 data from Ref. [116] ). In Ref. [57] it was found that for the IΛCDM model with Q = βHρ c , β > 0 is slightly favored, but for the IΛCDM model with Q = βHρ vac , β < 0 is slightly favored by the observational data. That is to say, in Ref. [57] for different models the directions of energy flow are not the same. Note also that the results of Ref. [57] are consistent with those of Ref. [117] ; in the two papers, they both considered cosmological perturbations and used the same data sets. But in the present paper the directions of energy flow are the same. This implies that the cosmological perturbations and the observational data could have some important impacts on the determination of the coupling constant β, which of course deserves some further explorations. In Figs. 2 and 3 , we show the two-dimensional posterior distribution contours (1σ and 2σ) for these IΛCDM models in the Ω m0 -β and β-h planes, respectively. To clearly display the results of different IΛCDM models, we use the blue and pink contours to represent the Q = βH 0 ρ models and the Q = βHρ models, respectively. From the two figures, we can clearly see that in all the IΛCDM models β = 0 is consistent with the current data inside the 1σ range. In addition, we also find that the constraints on β for the Q = βHρ models are tighter than those for the Q = βH 0 ρ models. From Fig. 2 , we can see that the constraints on Ω m0 for the two classes of models (Q = βH 0 ρ and Q = βHρ) are rather similar, while the constraints on β for the Q = βHρ models are obviously tighter than those for the Q = βH 0 ρ models, for which the most prominent cases are given by the Q ∝ ρ c models, and next by the Q ∝ (ρ vac + ρ c ) models. From Fig. 3 , we can see the situation for the constraints on h. For the Q ∝ ρ vac models and the Q ∝ ρ vac ρ c /(ρ vac + ρ c ) models, the constraints on h for the two classes of models are similar. But for the Q ∝ ρ c models and the Q ∝ (ρ vac + ρ c ) models, the constraints on h for the two classes of models are rather different; for this point, the Q = βH 0 ρ case is evidently better than the Q = βHρ case. In short, from Figs. 2 and 3, we find that, for the constraints on the coupling parameter β, the Q = βHρ case is better than the Q = βH 0 ρ case. In Fig. 4 , we show the one-dimensional marginalized posterior distributions of β for the IΛCDM models by using the SN+CMB+BAO+H 0 data. In this figure, the pink dashed line denotes the case of β = 0. We can clearly see that for the constraints on the coupling parameter β, among these models the best one is the IΛCDM7 model, and the next best ones are the IΛCDM6 and IΛCDM3 models; the worst one is the IΛCDM4 model, and the next worst one is the IΛCDM8 model. We also find that although a negative β is slightly more favored, β = 0 is still consistent with the data.
IV. CONCLUSION
In this paper, we have investigated the models of vacuum energy interacting with cold dark matter from the perspective of observational constraints. We consider eight typical IΛCDM models with the interaction terms Q = βH 0 ρ vac , Q = βH 0 ρ c , Q = βH 0 (ρ vac + ρ c ), Q = βH 0 ρvacρc ρvac+ρc , Q = βHρ vac , Q = βHρ c , Q = βH(ρ vac +ρ c ), and Q = βH ρvacρc ρvac+ρc ; the former four interaction terms include the Hubble constant H 0 , while the latter four include the Hubble parameter H. We place constraints on these models by using the current observational data, including the JLA compilation of type Ia supernovae, the CMB distance priors of Planck 2015, the BAO measurements, and the H 0 direct measurement.
By comparing χ 2 min values and information criteria (∆AIC and ∆BIC) of the ΛCDM model and the eight IΛCDM models, we find that the observational data sets (SN+CMB+BAO+H 0 ) almost equally favor these IΛCDM models, and the χ 2 min values of these IΛCDM models are all around 699. In addition, we also find that in all these IΛCDM models the coupling parameter β = 0 is consistent with the current observational data within 1σ range, indicating that the standard ΛCDM model is still well consistent with the current data, and a nonzero coupling is not detected. But here we also wish to emphasize that in this study we did not consider the cosmological perturbations and we did not use the full CMB data of Planck, which would affect the results and the conclusion to some extent.
In addition, in this work we find that for the constraints on the coupling parameter β, the Q = βHρ case is better than the Q = βH 0 ρ case, i.e., in the former case, the constraints on β are evidently tighter.
